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In order to explore the relationship between leaf hormonal status and source-sink relations in the response 
of symbiotic nitrogen fixation (SNF) to salt stress, three major phytohormones (cytokinins, abscisic acid 
and the ethylene precursor 1-aminocyclopropane-1-carboxylic acid), sucrose phosphate synthase activity 
in source leaves and sucrolytic activities in sink organs were analysed in two lines of Medicago ciliaris 
(salt-tolerant TNC 1.8 and salt-sensitive TNC 11.9). SNF (measured as nitrogenase activity and amount 
of N-fixed) was more affected by salt treatment in the TNC 11.9 than in TNC 1.8, and this could be 
explained by a decrease in nodule sucrolytic activities. SNF capacity was reflected in leaf biomass pro-
duction and in the sink activity under salinity, as suggested by the higher salt-induced decrease in the 
young leaf sucrolytic activities in the sensitive line TNC 11.9, while they were not affected in the tolerant 
line TNC 1.8. As a consequence of maintaining sink activities in the actively growing organs, the key 
enzymatic activity for synthesis of sucrose (sucrose phosphate synthase) was also less affected in the 
mature leaves of the more tolerant genotype. Ours results showed also that the major hormone factor 
associated with the relative tolerance of TNC 1.8 was the stimulation of abscisic acid concentration in 
young leaves under salt treatment. This stimulation may control photosynthetic organ growth and also 
may contribute to a certain degree in the maintenance of coordinated sink-source relationships. Therefore, 
ABA may be an important component which conserves sucrose synthesis in source leaves. 

Keywords: Nitrogen fixation – phytohormones – salt stress – source-sink activity – sucrose enzyme 
activities

INTRODUCTION

Salinity is of great concern in arid and semi-arid regions, where soil salt content is 
often high and precipitation is insufficient for leaching. High salinity causes both 
water stress and ion toxicity in plants. This disrupts the integrity of cellular mem-
branes, the activities of various enzymes, the function of chloroplasts and photosyn-
thesis, and many other processes as well. Salinity tolerance is particularly important 
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to symbiotic nitrogen fixation (SNF) in legumes [27, 44], since it has proven sensitive 
to a wide range of environmental stresses, especially salt stress. This efficient source 
of nitrogen accumulation is ensured by nodules: special organs which are developed 
through symbiosis between Rhizobium species and legumes. Several studies have 
documented the effect of salinity on nitrogen fixation and have established that many 
processes within N2 fixation are inhibited. These include a decrease in oxygen diffu-
sion to the infection zone [33], enhancement of the generation of reactive oxygen 
species in nodules [4], and limitations to the energy substrate supply of bacteroids 
following a reduction in nodule sucrose cleavage [4, 22]. 

The majority of investigations carried out on the role of carbohydrate metabolism 
in the responses of SNF to osmotic stress have focused specifically on nodule sucrose 
catabolism (sucrolytic activities) [4, 21]. Several other studies suggested that SNF is 
independent of photosynthesis and hypothesized that the decline in SNF under saline 
conditions could not be caused by a photosynthate supply to nodules, given that car-
bohydrates (particularly sucrose) are accumulated in nodules subjected to osmotic 
stress [21, 35]. This latter statement is somewhat naive since Vessey and Waterer [40] 
pointed to several compartments in nodules and that changes in sucrose pool size may 
not be indicative of changes in the rate of sucrose flow through the pool [40]. [The 
concentration of sucrose in a metabolic pool is the difference between (influx + synthe-
sized) and (efflux + metabolized).] Sucrose accumulation in nodules has also been 
explained by starch mobilization, which would benefit osmotic adjustment needed to 
combat stress conditions [30]. SNF would then be limited if a reduction of sucrose 
transport towards nodules occurred under stress following its synthesis. Further 
knowledge about these different processes is still needed to distinguish the full rela-
tionship and mechanism controlling carbohydrate metabolism and the response of 
SNF to salinity. 

Photochemical reactions and the intermediates in the photosynthetic reductive 
cycle are known to be tolerant to salt stress at least in halophytic Thellungiella halo-
phila [23], which is a close relative of Arabidopsis thaliana L. The inhibition of 
photosynthesis under salt stress in bean and cotton may be due, at least in part, to 
stomatal closure, which induces a decline in the activity of sucrose phosphate syn-
thase (SPS; EC 2.3.1.14) [24, 39]. This enzyme plays a key role in sucrose synthesis 
in photosynthetic organs [6, 7] by transferring the glycosyl moity from UDP-glucose 
onto fructose-6-P to produce sucrose-6-P, which in turn, is dephosphorylated yielding 
sucrose as its final product [15]. SPS activity is under complex regulation. It plays a 
central role in photoassimilate partitioning in tomato and eelgrass [8, 45] and could 
be used as an indicator of source leaf strength since it catalyses the main regulated 
step in sucrose synthesis [37]. Sucrose synthesis and accumulation are also strongly 
determined by the concerted actions of SPS (in source leaves) and sucrolytic enzymes 
(in sink organs) specifically sucrose synthase (EC 2.4.1.13) and invertases (alkaline: 
EC 3.2.1.26, soluble and insoluble acid: EC 3.2.1.25), which convert sucrose into 
hexoses. Among the few studies documenting the effect of salinity on these enzymes, 
Balibrea et al. [2] showed that higher SPS activity in tomato was correlated with the 
ability of salt-treated mature leaves to maintain assimilate production, accumulation 



Source-sink relationship and hormonal control in salt tolerance 99

Acta Biologica Hungarica 63, 2012

and export. As a result, Balibrea et al. [2] hypothesized that sucrolytic activities could 
play a crucial role in maintaining whole plant growth under salinity by coordinating 
source-sink interactions and communication. To our knowledge, this hypothesis has 
not been tested in legumes cultivated under SNF conditions. 

In tomato, several physiological processes are known to control whole plant 
growth under salt stress, among them water relations, carbon supply [26] and long 
distance signals in the form of hormones or their precursors [1, 9, 28]. Phytohormones 
concentration changes and cross talk between their signalling pathways probably 
occur in order to control assimilate partitioning between different sink tissues [12]. 
The role of ABA in growth responses under salinity is somewhat ambiguous. Whereas 
some studies in tomato argued that ABA inhibit growth [1, 9], another study showed 
a positive role for ABA, since ABA-deficient Arabidopsis mutants are more sensitive 
to salt stress than usual and the level of expression of ABA-responsive genes and 
ABA biosynthesis genes is higher in Thellungiella compared with the salt-sensitive 
Arabidopsis [43]. The roles of ethylene and CKs are better established as compared 
with ABA. Ethylene and its precursor (ACC) signal the onset of salt-induced senes-
cence [9]. In contrast, cytokinins (Cks) levels are positively correlated with leaf 
photosynthetic rate and chlorophyll contents [31] and prevention of leaf senescence 
by modifying Cks levels provides tolerance to at least one stress condition [25, 31].

Recently, interest in legumes has expanded, since they play a critical role in pre-
serving natural ecosystems and contributing to low-input agriculture. In legumes, 
studies on salt-induced changes in hormonal balance have not been published for 
vegetative organs. Induced changes would not only affect vegetative growth respons-
es, but also nodule growth and the process of SNF (directly or indirectly). Hence in 
this study, we feature the legume Medicago ciliaris in symbiosis with its bacterial 
partner Sinorhizobium medicae. In Tunisia, this species lives in association with other 
halophytes and promotes their growth through enriching the soil with nitrogenous 
compounds. The objective was to determine the role of leaf hormone status on the 
response of symbiotic nitrogen fixation (SNF) in two Medicago ciliaris lines culti-
vated under salt stress; one line originating from a saline-tolerant biotope (TNC 1.8) 
and a second salt-sensitive line originating from a non-saline habitat (TNC 11.9).

MATERIALS AND METHODS

Biological materials and growth conditions

The two lines of Medicago ciliaris used in this study originated from local popula-
tions collected at the edge of saline depressions at Enfidha, Tunisia (TNC 1.8) and 
from a non-saline habitat in Mateur, Tunisia (TNC 11.9). Seeds were germinated as 
described by Ben Salah et al. [4]. Three-day-old seedlings were transferred into pots 
filled with sterile vermiculite and were inoculated by 1 mL suspension (~108/mL) of 
Sinorhizobium medicae strain CI 1.12/E22 [46]. Experiments were performed in the 
greenhouse during May to June under semi-controlled conditions: 27/19 °C tempera-
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ture and at relative humidity of 40–80% day/night, with day length ranging from 
13–14 h. Plants were regularly irrigated with N-free Hewitt nutrient solution [13]. 
Salt treatment (100 mM NaCl) was applied after the appearance of functional nodules 
starting at 30 days after seeding (t1), and then harvested after 3 weeks of salinity (t2). 
Plants were separated into shoots and roots, and nodules were carefully separated 
from the roots. All plant parts were oven-dried at 60 °C for 3 days and dry matter was 
(DM) determined. Plant growth was assessed using relative growth rate (RGR, day–1) 
calculated as follows: RGR = (DMt2 − DMt1) / (DM × (t2 − t1)) where DM = (DMt2 − 
DMt1) / (ln DMt2 − ln DMt1).

Chlorophyll fluorescence measurement

Chlorophyll fluorescence parameters (Photosystem II-related minimal and maximal 
fluorescence and quantum yield) were measured on fully expanded leaves with a port-
able OS-30P chlorophyll fluorometer (OptiSciences, Herts, UK) at an excitation 
source intensity of 3000 μmol · m–2 s–1. Plants were dark adapted for 30 min at the end 
of the salt treatment prior to fluorescence testing.

Nitrogen-fixation (NF) assay and nitrogen determination

NF was estimated by measuring “in situ” nitrogenase activity, i.e. ethylene formed 
via an acetylene reduction activity assay (ARA) at the end of the vegetative stage 
according to Hardy et al. [10]. The ARA assay in a closed system may underestimate 
nitrogenase activity due to acetylene-induced-inhibition of this enzyme; however, this 
assay is useful for comparative assays. Ten percent C2H2 was infused into the root 
atmosphere. After 20 min of incubation, one ml of the chamber headspace sampled 
and ethylene detected using gaseous phase chromatography (CromatixKNK-2000). 
Nitrogen was determined as described by Kjeldahl [19]. NF was estimated as the dif-
ference between total N quantities (mg plant–1) before and after salt treatment.

Enzyme extraction and assay

Tissue samples for enzyme extractions were immediately frozen in liquid N2 after 
harvest and stored at –80 °C until analysis. Sucrose synthase (SS) (2.4.1.13), alkaline/
neutral invertase (A/N Inv) (EC 3.2.1.26), vacuolar invertase (Vac Inv) and cell wall 
invertase (CW Inv) (EC 3.2.1.25) were extracted by grinding in liquid N2, followed 
by grinding in 1 mL of buffer containing 50 mM HEPES (pH 7), 10 mM MgCl2, 
1 mM EDTA(2H2O), 2.6 mM dithiothreitol, 10% ethylene glycol and 0.02% Triton 
X-100. Sucrose phosphate synthase (EC 2.4.1.14) extraction was carried out in 0.7 
mL of buffer containing 50 mM Hepes (pH 7.5), 5 mM MgCl2, 1 mM Na2EDTA, 2.6 
mM dithiothreitol, 0.02% Triton X-100, and 0.6% bovine serum albumin. After cen-
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trifugation at 12,000 g, the supernatants were desalted on G25-Sephadex column 
pre-equilibrated with 4 mL of the reaction buffer containing 50 mM HEPES (pH 7), 
2 mM MgCl2, 1 mM Na2EDTA, 2.6 mM dithiothreitol and 0.1% bovine serum albu-
min [29]. Sucrose synthase and invertases were eached assayed by enzyme-linked 
assays which monitored NADH formation at 340 nm according to Balibrea et al. [3]. 
Sucrose phosphate synthase was assayed by measurement of sucrose produced from 
fructose-6-phosphate plus UDP-glucose according to Pelleschi et al. [29].

Hormone analysis

Hormones were extracted as previously described [1, 9] with minor modifications. 
Cytokinins (zeatin and zeatin-riboside), abscisic acid (ABA), indole-3-acetic acid 
(IAA) and the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) 
were determined on an Agilent 1100 Series HPLC (Agilent Technologies, Santa 
Clara, CA, USA) equipped with a micro-well plate autosampler. Prior to injection, 
100 μl of each tissue extract was filtered through Millex 0.22 μm nylon membrane 
(Millipore, Bedford, MA, USA) dissolved in mobile phase A (water : acetonitrile : for-
mic acid, 94.9 : 5 : 0.1 by vol) and injected onto a Zorbax SB-C18 HPLC column  
(5 μm, 150 × 0.5 mm; Agilent Technologies) held at 40 °C and eluted at 10 μl min–1 
with mobile phase B (water : acetonitrile : formic acid, 10 : 89.9 : 0.1 by vol) with the 
following elution program: 100% A for 5 min, linear gradient 1 from 0% to 6% B 
over 10 min, linear gradient 2 from 6T to 100% B for 5 min, ending with 100% B 
maintained for 5 min. Hormones were detected at 280 nm with a diode array detector 
(Agilent Technologies) and with an Agilent Ion Trap XCT Plus mass spectrometer 
(Agilent Technologies) with an electrospray (ESI) interface operating in the positive 
(capillary spray voltage 3500 V, a scan speed 22,000 (m/z) s–1 from 50 to 500 m/z, 
nebulizer gas (He) pressure 30 psi, drying gas flow 6 L min–1, and temperature 
350 °C). Mass spectra were obtained using the Data Analysis program for LC/MSD 
Trap Version 3.2 (Bruker Daltonik GmbH, Germany). For quantification of CKs and 
ABA, calibration curves were constructed from 0.05 to 0.5 mg L–1 and corrected 
using 0.1 mg L–1 internal standard: [2H5]trans-zeatin, [2H5]trans-zeatin riboside, and 
[2H6]cis,trans-abscisic acid (Olchemin Ltd., Olomouc, Czech Republic) (Cambridge 
Isotope Laboratories Inc., Andover, MA, USA). ACC was quantified using external 
standards at the same concentration range (Sigma-Aldrich, St. Louis, MO, USA). 
Recovery percentages for each hormone ranged between 92% and 95%.

Statistical analysis

Means (± confidence intervals) were separated by analysis of variance using multiple 
range tests with Fisher’s least significant difference (LSD) procedure (P < 0.05).
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RESULTS

Growth responses and chlorophyll fluorescence

Two M. ciliaris lines originating either from a salt-tolerant biotype (TNC 1.8) or a 
salinity-sensitive biotype (TNC 1.8) were tested for growth and photosystem II (PSII) 
chlorophyll fluorescence (as indicators of plant health) with and without application 
of 100 mM NaCl. In the absence of salt, whole plant biomass was 1.3-fold higher in 
the salt-tolerant line (Table 1). With salt application, whole plant production was 
reduced in both lines, but the tolerant line TNC 1.8 originating from the salty biotope 
produced substantially more biomass compared to the other line. TNC 1.8 also 
reached and maintained its maximum leaf relative growth rate in the presence of salt, 
whereas in the sensitive line TNC 11.9, RGR was reduced slightly (Table 1). Salt 
treatment decreased RGR for stems, roots and nodules growth of both lines, but the 
tolerant line TNC 1.8 consistently showed stronger growth for all these tissues than 
TNC 11.9 (Table 1). In spite of these growth changes, minimal and maximal fluores-
cence and quantum yield of dark-adapted leaves remained typical of non-stressed 
leaves in both lines (Table 2), suggesting that the structural integrity of PSII was not 
affected by salt treatment. 

Table 1
Effect of salt stress on whole plant dry matter and relative growth rate (RGR) of a saline-tolerant and 

saline sensitive line of Medicago ciliaris after 21 d of salt treatment

Line NaCl (mM) Whole plant 
dry matter Leaves Stems Roots Nodules

TNC 1.8
(tolerant)

  0
100

763±155c
2232±327b

7. 0±0.1b
6. 8±0.2b

7.1±0.1d
6.6±0.3b

6.7±0.1c
6.3±0.1b

4.2±0.1c
3.8±0.2b

TNC 11.9
(sensitive)

  0
100

2170±191b
1254±147a

6.8±0.1b
6.3±0.1a

6.9±0.1b
6.2±0.2

6.2±0.1c
5.7±0.1a

4.2±0.1c
3.6±0.1a

Means (±confidence interval) followed by the same letter with each column are not significantly dif-
ferent at P < 0.05 (n = 7).

Table 2
Effect of salt stress on minimal fluorescence (F0), maximal fluorescence (FM) and quantum yield  

(FV/FM) in two Medicago ciliaris lines after 21 d of salt treatment

Line NaCl (mM) F0 FM FV/FM

TNC 1.8
(tolerant)

  0
100

129±5a
129±3a

726±10a
715±11a

0.82±0.00a
0.82±0.00a

TNC 11.9
(sensitive)

  0
100

130±2a
135±4a

721±9a
724±12a

0.82±0.01a
0.81±0.01a

Means (±confidence interval) followed by the same letter with each column are not significantly dif-
ferent at P < 0.05 (n = 7).
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Nitrogen fixation, total fixed nitrogen and leaves N-reduced content

Nitrogenase activity, measured by an acetylene reduction assay was equivalent in 
both M. ciliaris lines at the end of the 3-week growth period in the absence of applied 
NaCl. After salt application, nitrogenase activity proved more robust in tolerant line 
TNC 1.8 than in the sensitive line TNC 11.9 (Fig. 1). In the tolerant line, activity was 
reduced only to 40% of non-saline growth, whereas activity in the sensitive line was 
reduced to 14% of its non-saline growth. Total fixed nitrogen per whole plant differed 
significantly between the two lines in the absence of salt, with the salt-sensitive line 
fixing 60% more than the salt-tolerant line. This latter pattern for the two lines was 
also observed for leaf-reduced nitrogen in the absence of salt.

The depressive effect of salt on nitrogenase appeared to have negative repercus-
sions for total fixed nitrogen in both lines under salt stress, but more so for the sensi-
tive line TNC 11.9 (Fig. 1). This line showed only 25% of the total fixed nitrogen 
when salt was applied compared with the non-saline condition, whereas the tolerant 
line was only reduced to 70% under saline conditions. Salt stress also reduced leaf 
reduced nitrogen to 20% in the sensitive line TNC 11.9, whereas TNC 1.8 was unaf-
fected (Fig. 1). 

Sucrose phosphate synthase and sucrolytic activities

Sucrose biosynthetic and lytic enzyme activities were profiled in tissues of the salt-
tolerant and salt-sensitive M. ciliaris lines with and without 100 mM NaCl applica-
tion to determine patterns that would impact on SNF. In the absence of salt, the 
activities of three of these enzymes (i.e. SPS, SS, and A/N invertase) were 1.5-fold to 

Fig. 1. Specific acetylene-reduction activity (ARAs), nitrogen fixation and leaf reduced nitrogen content 
in salinity tolerant and salinity-susceptible Medicago ciliaris lines exposed to NaCl. Means (± confidence 

interval) followed by the same letter are not significantly different at P < 0.05 (n = 3–5)
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Table 3
Sucrose phosphate synthase (SPS; mmol sucrose s–1 mg–1 protein), sucrose synthase (SS), alkaline/neutral (A/N Inv), cell-wall (CW Inv) and vacuolar 
invertase (Vac Inv) activities (nmol min–1 mg–1 FW) of salt-tolerant and salt-sensitive Medicago ciliaris lines after 21 d of treatment of salt treatment

Organ Lines NaCl (mM) SPS SS A/N Inv CW Inv Vac Inv Tot sucrol

Leaves TNC 1.8 0 1.4±0.2b 20±8a 124±39a 148±15b 570±180ab 857±208bc

100 0.9±0.1a 15±6ab 87±14a 140±29b 406±73a 654±61ba

TNC 11.9 0 1.7±0.3c 41±12b 221±30b 139±13b 637±172b 1039±203c

100 0.9±0.1a 12±3a 105±43a 93±32a 381±34a 582±34a

Roots TNC 1.8 0 77±24b 689±177b 54±6b 369±109c 1188±261c

100 9±3a 70±18a 16±2a 33±8a 125±13a

TNC 11.9 0 82±32b 701±159b 49±22b 325±191c 1109±272c

100 ND 65±12a 45±9b 64±16b 582±47b

Nodules TNC 1.8 0 540±121c 321±174a 8±1a ND 869±286c

100 294±113b 269±144a 12±1b ND 576±231b

TNC 11.9 0 695±57c 778±184b 8±3a ND 1478±142d

100 115±88a 142±49a 7±1a ND 262±124a

Means (±confidence interval) followed by the same letter are not significantly different at P < 0.05 (n = 3)
ND – not determined.
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2-fold higher in leaves of the sensitive line TNC 11.9 compared with TNC 1.8  
(Table 3). A/N invertase was also raised in nodules of TNC 11.9. All four sucrose 
biosynthetic and lytic enzyme activities were similar in roots between the two lines 
in the absence of salt, as were leaf CW and vacuolar invertase activities and nodule 
SS and CW invertase activities.

After salt treatment, all of these enzyme activities remained stable in TNC 1.8 at 
the non-salt level, whereas all activities declined to 0.7-fold or down to 3-fold lower 
than the non-salt level in TNC 11.9, depending on the enzyme (Table 3). Three of the 
four sucrolytic enzyme activities (SS, A/N invertase and Vac invertase) were strongly 
and equally reduced in roots of both lines, whereas CW invertase did not change in 
TNC 11.9 (Table 3). Perturbations also occurred in nodule sucrolytic activities of both 
lines, but this inhibition was more pronounced in TNC 11.9. Here, CW invertase 
activity was increased to 1.5-fold in TNC 1.8, but remained stable in TNC 11.9. SS 
and A/N invertase declined far more strongly in TNC 11.9 (6-fold lower for both 
enzymes) compared with 0.6-fold lower for SS and no change for A/N invertase in 
TNC 1.8 (Table 3). 

Sucrose biosynthetic and sucrolytic enzymes also showed distinct patterns relative 
to each other regardless of their tolerance to salt, and these were obvious even under 
non-saline conditions. SPS activity, which represented sucrose biosynthetic processes 
was higher in the leaves of the sensitive line TNC 11.9 compared with the tolerant 
line under non-saline conditions (Table 3), and reduced slightly more in the sensitive 
line (down to 0.5-fold of the non-saline level) compared with the tolerant line TNC 
1.8 (reduced to 0.65-fold of the non-saline level) (Table 3). Among sucrolytic activi-
ties, all three invertase activities in leaves and roots of both lines were substantially 
higher than that of SS, particularly Vac invertase in leaves and A/N invertase in roots. 
However, CW invertase represented only small fraction of the total invertase activity 
in roots (Table 3). In nodules, substantial levels of SS and A/N invertase activities 
were found. In contrast to roots and leaves, the activity of CW invertase was very low 
in nodules and Vac invertase activity was not detectable (Table 3). 

Leaf hormone profiling

Hormone profiling was conducted on leaves of the two M. ciliaris lines to determine 
whether specific leaf signalling pathways were disrupted or enhanced when these 
plants were exposed to salt. In absence of salt, the tolerant line TNC 1.8 showed 1.4-
fold higher leaf CKs, 3-fold higher ACC, and 1.5-lower ABA concentration compared 
to the sensitive line TNC 11.9 (Fig. 2). Under salt stress, leaf CKs and ACC concen-
trations declined to 0.5-fold of their non-saline levels in the in the tolerant line TNC 
1.8, but only decreased slightly or not at all in the sensitive line TNC 11.9. ABA rose 
to 2-fold higher than the non-tolerant level in the tolerant line TNC 1.8 and declined 
slightly in the sensitive line (Fig. 2).
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DISCUSSION

SNF is a complex biological process which is known to be sensitive to osmotic 
stresses, particularly NaCl salinity. Two major areas have been shown to be involved 
in the decline of this process: O2 diffusion in nodules and metabolic components. In 
a previous study [4], we showed that salt stress reduced sucrose allocation towards 
nodules, but this reduction did not seem to be linked to a competition with other sink 
organs for sucrose. We also showed that differences in nodule sucrose metabolism 
(specifically sucrolytic activities) contributed to the differential response of nitrogen 
fixation between the two lines we used in the study. Here, we present new evidence 
that salt- induced disturbances in source-sink relations and leaf hormonal status are 
also involved in this differential response to symbiotic nitrogen fixation. 

Fig. 2. Effect of salt stress on cytokinins (CKs), ABA and ACC concentrations in leaves of two Medicago 
ciliaris lines after 21 d of NaCl treatment. Means (± confidence interval) followed by the same letter are 

not significantly different at P < 0.05 (n = 3)
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Maintaining sink activity in leaves and nodules is correlated with whole 
plant growth and SNF under salinity

Sucrose utilization in sink organs represents and maintains the driving force for 
assimilate export from source leaves into sinks [38]. Our results suggest that the 
maintenance of actively growing young leaves (which are strong sink organs) could 
be one of the major physiological responses that distinguishes salinity-tolerant TNC 
1.8 from salt-sensitive TNC 11.9 under saline conditions and that helps maintain 
growth in TNC 1.8. In fact, exposure to saline conditions reduced the total sucrolytic 
activities of all organs of both lines except for young leaves of the tolerant line TNC 
1.8. The sucrolytic activities of nodules (another sink organ) were also less affected 
in TNC 1.8 compared to the sensitive line TNC 11.9. This more efficient utilization 
of sucrose under stress in TNC 1.8 would likely maintain supply of malate to bacter-
oids [4]. Hence, the tolerant line TNC 1.8 probably relies on these features (among 
others) to maintain nitrogen fixation and provide the nitrogen needed to maintain 
growth. 

Sucrolytic activities seem to be involved in the control of assimilate 
synthesis and allocation

SPS activity, the key enzyme for sucrose synthesis [15] in mature (source) leaves, 
was 2-fold more reduced by salinity in the sensitive line TNC 11.9 than in the tolerant 
line TNC 1.8. This differential inhibition appears independent of a photochemical-
related factor, since applied salinity did not affect major photochemical processes 
associated with photosystem II in either genotype. Instead, the low nitrogen availabil-
ity we detected in sink leaves of the sensitive line TNC 11.9 could be a major con-
tributor to the higher inhibition of SPS activity observed in this line and would 
explain the significant decrease in chlorophyll content detected for this line in an 
earlier study [4]. The effect of low N availability on SPS would be in addition to any 
potential structural or expression changes to the SPS protein itself. In Arabidopsis and 
yarrow, SPS activity has been shown to be regulated by carbon status, photosynthesis, 
and source-sink relationships in spinach and Lolium [16, 20]. Activity levels are 
inhibited as sucrose accumulates in source leaves [14] and have been correlated with 
assimilate export into tomato sink organs and tomato growth under salinity [2]. In this 
context, the inhibition of sucrolytic activities we found in M. ciliaris sink tissues 
could be responsible for SPS inhibition in source leaves and impact negatively on 
growth and SNF activity of this annual legume. 

Maintenance of sucrolytic activities in young leaves and the modest reduction in 
activity in nodules of the tolerant line TNC 1.8 relative to the extreme reduction of 
activities in the sensitive line could be strong factors in the maintenance of sink activ-
ity (assimilate allocation) and growth of photosynthetic and N-fixing organs and, 
thus, organ growth in this line might constitute a benefit from these responses in the 
tolerant line. Several studies with tomato have provided evidence suggesting that a 
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decrease in sink demand for sucrose (as a result of inhibition of sucrolytic activity) 
can lead to feedback inhibition of sucrose synthesis in source leaves [2, 32]. Here in 
M. ciliaris, our data shows that salt stress reduced total sucrolytic activities (TSA) in 
both lines, but this reduction was far less pronounced and mainly in roots of the salt-
tolerant line TNC 1.8, whereas TSA was strongly reduced in all organs of the sensi-
tive line TNC 11.9. Therefore, sucrose would likely build up in source leaves to a 
higher extent in the sensitive line. Such a build-up of sucrose would then lead to 
stronger feedback control on photosynthesis and sucrose synthesis [2] and, in due 
course, reduce the supply of carbohydrate to sink organs in the sensitive M. ciliaris 
biotype, including in nodules.

ABA, but not CKs, controls M. ciliaris leaf growth under salt stress

Salinity reduced leaf growth in the M. ciliaris sensitive line TNC 11.9, but the tolerant 
line TNC 1.8 maintained leaf growth capacity even with a much greater drop in levels 
of young leaf CKs than occurred in the sensitive line. In tomatoes, CKs levels are 
maintained during growth, but decline with stress [1, 9]. This inconsistency between 
the two plants does not necessarily mean that CKs is less effective or a limited role 
in the tolerant M. ciliaris line, because stress might increase cellular sensitivity to 
CKs in M. ciliaris [11]. The pathways of CKs biosynthesis have not yet been com-
pletely defined, although current evidence suggests that CKs are derived from t-RNA. 
Thus, the decline in CKs levels in sink leaves of the tolerant M. ciliaris line poten-
tially may be a strategy to economize adenine nucleotides and could be accomplished 
by increasing cellular sensitivity to CKs in young leaves. This hypothesis should be 
tested by comparing hormone levels required to bind CK receptors to full capacity in 
the two M. ciliaris lines under saline and non-saline conditions. Such receptors have 
been discovered and purified from a range of plant species, including barley and 
Arabidopsis [5, 42]. 

Under abiotic stress, the stress hormone ABA works together with other phytohor-
mones to adjust growth and development programs so that plants may adapt to 
adverse conditions. While enhanced ABA accumulation in tomato leaves under salt 
stress was correlated with the impairment of shoot development [1, 9], the mainte-
nance of leaf growth in tolerant M. ciliaris was accompanied by a 2-fold increase in 
young leaf ABA concentration and in the sensitive line by a modest decrease. Higher 
ABA levels regulate the pathways of photoassimilate utilization in young leaves, and 
as with barley, the participation of carbon into the synthesis of high molecular weight 
cellulose, hemicellulose and proteins [18] required for the synthesis of cell wall, other 
cell structures, and enzymatic systems during active growth. Our ABA levels in the 
tolerant M. ciliaris leaves under saline conditions are more consistent with how pho-
toassimilates are regulated in barley sink leaves than tomato. They suggest that, under 
salt stress, the maintenance of ABA levels similar or superior to non-stress conditions 
in M. ciliaris sink leaves is necessary to preserve the driving force for sucrose impor-
tation (represented by sucrolytic activities in sink leaves) and that the ABA levels in 
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the tolerant line are within those that allow phloem loading [41]. In addition, the 
lowering of ABA in the young leaves of the M. ciliaris sensitive line could accelerate 
the transition of these sink organ into source leaves, as outlined for barley [5], poten-
tially to stimulate the export of assimilates to other sink organs following the strong 
decrease in SPS activity. Thus, the enhancement of ABA levels under salt stress in 
young leaves of the tolerant line TNC 1.8 would allow photoassimilate to be saved 
for biosynthesis processes and would ensure continuous leaf growth. 

Ethylene production signals a stress situation to a plant, but continuous or increased 
accumulation of ethylene (so-called “stress ethylene”) under stress may inhibit plant 
growth [36], including under saline conditions [1, 9]. ABA can restrict the production 
of “stress ethylene” and thus could promote growth under abiotic stresses [34]. The 
enhancement of ABA content in young leaves of the tolerant line TNC 1.8 coincided 
with a reduction in content of the ethylene precursor (ACC), suggesting that ethylene 
evolution is also reduced. ABA may also directly or indirectly modulate ion homeos-
tasis during salt stress, since it regulates the expression of some of the transporters 
involved in salt uptake and compartmentalization [43] and correlates with high Na+ 
accumulation in the same M. ciliaris lines used in this study [4]. 

CONCLUSIONS

The present data show clearly that SNF is dependent on whole plant sucrose metabo-
lism and a coordinated source sink relationship. Sink sucrolytic activities seemed to 
be involved in the control of source-sink relations and sucrose synthesis and are also 
one of the keys to the control of SNF. Our results suggest that a major factor associ-
ated with the relative tolerance of M. ciliaris line TNC 1.8 is the stimulation of ABA 
concentration in young leaves. This stimulation likely controls the maintenance of 
photosynthetic organ growth and could also contribute to the maintenance of a coor-
dinated sink-source relationship and conservation of higher sucrose synthesis in 
source leaves. Additional work needs to be done to determine the precise physiologi-
cal role of these hormones in growth and SNF control using exogenous application of 
such hormones or by developing and phenotyping transgenic plants with a range of 
hormone deficiencies. 
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